The liver kinase B1 (LKB1) tumor suppressor inhibits cell growth through its regulation of cellular metabolism and apical-basal polarity. The best understood mechanism whereby LKB1 limits cell growth is through activation of the AMP-activated-proteinkinase/mammalian-target-of-rapamycin (AMPK/mTOR) pathway to control metabolism. As LKB1 is also required for polarized epithelial cells to resist hyperplasia, it is anticipated to function through additional mechanisms. Recently, Yes-associated protein (Yap) has emerged as a transcriptional co-activator that modulates tissue homeostasis in response to cell-cell contact. Thus this study examined a possible connection between Yap and LKB1. Restoration of LKB1 expression in HeLa cells, which lack this tumor suppressor, or short-hairpin RNA knockdown of LKB1 in NTERT immortalized keratinocytes, demonstrated that LKB1 promotes Yap phosphorylation, nuclear exclusion and proteasomal degradation. The ability of phosphorylation-defective Yap mutants to rescue LKB1 phenotypes, such as reduced cell proliferation and cell size, suggest that Yap inhibition contributes to LKB1 tumor suppressor function(s). However, failure of Lats1/2 knockdown to suppress LKB1-mediated Yap regulation suggested that LKB1 signals to Yap via a non-canonical pathway. Additionally, LKB1 inhibited Yap independently of either AMPK or mTOR activation. These findings reveal a novel mechanism whereby LKB1 may restrict cancer cell growth via the inhibition of Yap.
INTRODUCTION
Growth and development are regulated by a balance between proliferation and apoptosis that is linked to cell polarity through poorly understood mechanisms. Disregulation of this balance results in the hyperproliferation of cancer cells as well as gross changes in their morphology and tissue organization. 1 Recently, two crucial pathways have emerged that govern these events: the Hippo pathway and signals triggered by liver kinase B1 (LKB1, STK11). LKB1 is a master regulator of proliferation and apical-basal polarity, while cell structure can impact the Hippo pathway. 2, 3 Despite the strong logical link between these two pathways, no evidence of their association has previously been reported.
LKB1 is a ubiquitous serine-threonine protein kinase that controls a wide range of cellular functions that include metabolism, proliferation and cell shape. 4 LKB1 heterozygous patients suffer from Peutz-Jeghers syndrome that is characterized by gastrointestinal hamartomas and increased cancer predisposition. LKB1 inactivation is also frequently observed in sporadic nonsmall cell lung and cervical carcinomas. 4, 5 LKB1, in complex with the pseudokinase STRAD and the scaffolding protein MO25, directly phosphorylates and activates AMPK and 12 related kinases that include the microtubule affinity-regulating kinases family. 6 In response to high levels of AMP, AMPK suppresses mTOR complex 1 (mTORC1), a central regulator of protein synthesis. LKB1 promotes efficient AMP-induced activation of AMPK, thus inducing growth arrest in response to metabolic stress. 7 LKB1 activation is also sufficient to polarize intestinal epithelial cells in the absence of cell-cell contacts. 8 Reciprocally, knockdown of LKB1 results in a loss of epithelial organization and increases Myc-dependent cell proliferation. 9 LKB1 and downstream microtubule affinity-regulating kinases regulate several conserved polarity proteins, the inactivation of which may promote tumorigenesis. 2 However, it is unclear how LKB1 promotes growth arrest via its effects on cell apical-basal polarity.
The Hippo pathway regulates tissue development through a kinase cascade involving Hippo (mammalian ortholog Mst1/2) that phosphorylates and activates Warts (Lats1/2). Active Warts then phosphorylates and inactivates the transcriptional co-activator Yki (Yes-associated protein (Yap)) and its binding partner Taz to both inhibit growth and promote apoptosis. 3, 10, 11 During the formation of epithelial cell apical-basal polarity, mammalian Yap, or its fly ortholog Yki, is down-regulated through interaction with cell junction proteins, such as a-catenin and the atypical cadherin, fat. 12, 13 Conversely, constitutive Yap expression induces epithelialmesenchymal transition (EMT) in mammary cells grown in threedimensional culture, 14 indicating its oncogenic potential. Consistently, many studies have implicated Hippo signaling with cancer development. For instance, Yap overexpression or loss of upstream suppressors Mst, Salvador or Merlin/NF2 15 lead to hepatomegaly and liver carcinomas. Furthermore, multiple human cancers have elevated Yap protein and nuclear localization. 16 In mammalian cells, Lats1/2 inhibits Yap by phosphorylating five known sites. Phospho-Ser127 promotes retention of Yap in the cytosol, 17 whereas phospho-Ser381 is a priming site for further phosphorylation, ubiquitylation and degradation.
18 Double mutation of S127 and S381 stabilizes Yap and promotes oncogenic phenotypes, but neither mutation alone can induce cellular transformation. 18 Yap and Taz cooperate with transcription factors that are downstream of major developmental and cancer-promoting pathways such as SMADs (TGFb and BMP pathways), b-catenin (WNT pathway) and Tea-domain (TEAD). 19 However, much of the upstream signaling that connects tissue organization to Yap regulation and the role(s) these signals have in oncogenesis remain unclear. Using HeLa cells that lack LKB1 expression, or alternatively suppressing its expression in non-transformed human keratinocytes, we now show that the regulation of cell size and proliferation by LKB1 are at least in part mediated by Yap phosphorylation, leading to nuclear exclusion and decreased stability of this transcriptional co-activator. LKB1-induced events could be partially reversed by expression of phosphorylationdefective Yap mutants. However, these phenomena occurred independently of mTOR, AMPK or Lats1/2 activation, suggesting a non-canonical pathway links LKB1 activity to Yap phosphorylation. As LKB1-induced morphological rearrangement correlated with Yap suppression, we suggest that LKB1-induced cell polarity impacts Yap activity. This work identifies a novel link between two major tumor-suppressor pathways and a potential mechanism for cell polarity to restrict cancer cell growth.
RESULTS

LKB1 expression correlates with increased Yap phosphorylation and reduced HeLa cell proliferation.
The Hippo pathway functions as part of a crowd control mechanism to limit organ size by reducing cell proliferation. 3 In cultured cells, Hippo signaling is activated by high cell density, leading to phosphorylation and inhibition of the transcriptional co-activator Yap. 3 Meanwhile, the tumor-suppressor LKB1 provides resistance to epithelial hyperplasia. 9 To investigate the potential for crosstalk between LKB1 and the Hippo pathway, the effect of LKB1 expression on the Lats1/2 phosphorylation site Yap S127 (Zhao et al.) , 17 was measured. Using lentiviral transduction, LKB1 was stably expressed in HeLa cells (HeLa LKB1) to levels approximately twice that seen in NTERT 20 non-cancerous immortalized human keratinocytes (Figure 1a) . In contrast no LKB1 was detected in HeLa cells stably expressing GFP alone (HeLa Vec). Even at low cell density, LKB1 expression raised the phospho-Yap S127 /total Yap ratio to a level comparable with that seen in the NTERT cell line (Figure 1a ). This increase in Yap phosphorylation was correlated with over twofold reduction of proliferation in HeLa LKB1 cells that was similar to the growth rate of NTERT cells (Figure 1b) . LKB1 inhibits Yap-dependent transcription. Yap binds and stimulates the transcriptional activity of Teadomain transcription factors to promote cell growth. 21 Thus, Yap activity was inferred by TEAD-induced gene expression from a luciferase reporter plasmid. LKB1 expression in HeLa cells reduces TEAD expression by approximately fivefold. This inhibition required LKB1 kinase activity as a kinase-dead mutant failed to suppress luciferase activity (Figure 1c) . To test the effect of LKB1 on exogenously expressed Yap, we transfected cells with various ratios of LKB1-and Yap-encoding plasmids. Remarkably, this reporter system is sensitive to as little as 20 ng of exogenous Yap. While no changes were observed upon transfection of control vector, increasing the amount of transfected LKB1-encoding plasmid resulted in dose-dependent inhibition of Yap activity (Figure 1d ). Another measure of Yap activity is the transcription of connective tissue growth factor (CTGF). 21 Consistent with TEADluciferase data, LKB1 restoration drastically reduced CTGF mRNA level (Figure 1e ). Conversely, we employed short-hairpin RNAs to examine the effect of endogenous LKB1 knockdown on Yap activity in NTERT keratinocytes. Suppression of LKB1 expression by two separate short-hairpin RNAs (Figure 1f ) greatly enhanced CTGF transcription as determined by quantitative reverse transcripion-PCR (Figure 1g ). Similar results were obtained using 293T cells (data not shown). These data indicated that LKB1 expression inhibits Yap transcriptional function.
LKB1 restoration alters Yap subcellular localization. Yap-dependent transcription is inhibited via the hyperphosphorylation of Yap on multiple sites. Currently, there are five known Lats1/2 phosphorylation sites on Yap. 18 Among these, phosphoserine 127 allows for 14-3-3 binding and Yap cytoplasmic retention. 22 In order to evaluate whether this spatial regulation occurs in LKB1 cells, we employed both nuclear fractionation and fluorescence microscopy. Firstly, hypotonic lysis was used to separate nucleic and cytoplasmic fractions. Endogenous Yap from both fractions was then detected by western blotting. We independently fixed cells and visualized the subcellular localization of endogenous Yap protein by immunofluorescence microscopy. Consistent with the increased phospho-YapS127 level in LKB1-expressing cells, both localization methods showed a significant decrease in nuclear Yap protein in HeLa LKB1 cells comparing with HeLa Vec cells of the same plating density (Figures 2a and c) . Consistently, knockdown of LKB1 in NTERT cells caused a significant increase in nuclear Yap (Figure 2b ). We concluded that LKB1 restoration increases S127 phosphorylation, promoting Yap nuclear exclusion.
LKB1 expression increases Yap degradation by the proteasome As proteasomal degradation is another important Yap-regulating mechanism, 3 we examined whether LKB1 add-back decreases Yap protein stability. To monitor the stability of Yap, HeLa LKB1 and HeLa Vec cells were treated with cycloheximide to inhibit new protein synthesis. Plated at low density, HeLa Vec exhibited insignificant decrease in Yap protein level over 6 h of cycloheximide treatment. Meanwhile, Yap level rapidly decreased in LKB1 cells (Figure 2d ). To confirm that the decrease in Yap level was because of proteasomal degradation, we used the proteasome inhibitor, MG132. As previously observed, we saw a significant decrease in Yap level in LKB1 cells treated with cycloheximide alone compared with DMSO control. However, addition of MG132 along with cycloheximide returned Yap protein to control level (Figure 2e ). Consistently, LKB1 knockdown in NTERT cells caused an increase in total cellular Yap protein (Figure 1f) . Altogether, these results indicated that LKB1 decreases Yap stability by promoting its proteasomal degradation. . This correlated with decreased Yap nuclear localization and transcriptional co-activation. We hypothesized that if Yap phosphorylation was the key event triggered by LKB1 expression to regulate gene expression and cell growth, then blocking such phosphorylation event(s) would rescue LKB1 tumorsuppressor phenotypes. Two phosphorylation-defective Yap mutants were used in addition to a wild-type (Yap WT ) construct to test this hypothesis: Yap S127A has Ser 127 mutated to Ala while the Yap 5SA mutant lacks all five reported Lats phosphorylation sites (S61, S109, S127, S164 and S381). 18 The TEAD-luciferase reporter assay was used as above to monitor Yap activity following transient transfection. While Yap WT activity was inhibited by LKB1 (Figure 3a) , the S5A mutant was insensitive to LKB1 action ( Figure 3a) . A statistically insignificant but reproducible inhibition of Yap S127A activity by LKB1 suggested that additional Yap phosphorylation sites might also have a role in suppressing its activity. These results suggested that Yap phosphorylation is required for LKB1 to suppress gene expression.
LKB1-mediated inhibition of Yap functions requires
As shown in Figure 1b , LKB1 strongly reduced HeLa cells proliferation. As the transcriptional activity of Yap phosphomutants was not inhibited by LKB1, we next addressed whether (e) Endogenous HeLa cell CTGF transcript was measured by reverse transcription-PCR following transfection with control or LKB1-encoding plasmids. (f ) NTERT cells were infected with two independent lentiviruses encoding LKB1 short hairpin RNAs (shRNAs) (#1 and #2) or a nonspecific control sequence. After stable selection on puromycin, the relative levels of endogenous LKB1 and GAPDH from these lysates was measured by immunoblot. (g) CTGF mRNA was measured in NTERT cells as in Figure 1e following stable expression of LKB1 shRNAs #1 or #2 or a non-specific control sequence. Luciferase data are representative of at least three independent experiments performed in triplicate. (Figure 3a) , the Yap S127A mutant had a weaker effect than Yap 5SA on rescuing cell proliferation. Meanwhile, Yap WT expression did not significantly change cell growth (Figure 3b ). The overexpression of Yap mutants did not significantly change cell accumulation in the absence of LKB1 (data not shown).
We also examined the effect of LKB1 and Yap 5SA expression on HeLa cell growth in a 3-dimensional Matrigel matrix. Consistent with our previous data, LKB1 significantly reduced cell growth in Matrigel (Figure 3c, bottom left panel) . Interestingly, Yap 5SA expression greatly increased cell proliferation both in the presence and absence of LKB1 but did not disrupt LKB1-induced cell-cell compaction. The expression of either Yap WT or Yap S127A did not altered cell growth pattern (data not shown). We concluded that the hyper-phosphorylation of Yap contributes to LKB1-mediated suppression of cell proliferation.
Phosphorylation-defective Yap mutants partially reversed cell size reduction by LKB1 Cell size is a complex phenotype that is often influences by proliferative state and could be the outcome of various distinct pathways. 23, 24 Various studies have reported the regulation of cell and organ size by both LKB1 and the Hippo pathway. For example, conditional knockout of murine LKB1 resulted in increased islet beta cell volume. 25 Meanwhile, Yap conditional overexpression in other tissues was reported to cause liver enlargement and thickening of epidermal layers. 26, 27 Therefore, we examine whether LKB1 regulates HeLa cell size by inhibiting Yap.
Utilizing the HeLa LKB1 and HeLa Vec cells described above, we first confirmed the ability of LKB1 to reduce cell size. The lentiviral pCDH plasmid encodes for both GFP and LKB1, thus LKB1 levels could be correlated with GFP fluorescence. Two distinct populations were observed in GFP/LKB1 add-back cells; those that expressed high levels of recombinant proteins and those that had much lower levels (Figure 4a ). While the relative volume of low GFP/LKB1-expressing cells was similar to HeLa Vec cells, consistent with previous reports, 5,25 the cells highly expressing LKB1 had significantly smaller average size (Figure 4b) . Meanwhile, knockdown of LKB1 in NTERT cells increased cell volume (Figure 4c ) confirming LKB1 function in cell size reduction.
To address whether the inhibition of Yap contributed to this effect, lentiviruses carrying Yap WT or the phosphorylation-defective S127A or 5SA mutants were co-transduced with LKB1-encoding virus into HeLa cells. While Yap WT had no effect, Yap S127A and Yap 5SA mutants significantly rescued LKB1-induced cell size reduction (Figure 4d ). The Yap 5SA mutant was most effective, again suggesting contribution of phospho-sites other than S127 in mediating LKB1's effects. However, even Yap 
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HB Nguyen et al mTORC1-induced protein synthesis via phosphorylation of TSC2 and/or raptor. 2 As Yap phosphorylation-defective mutants were found above to reverse LKB1-induced cell size reduction, we next addressed whether LKB1 regulates Yap via mTOR activation. The ATP analog Torin1 28 was used to effectively block both mTORC1 and C2 activities. To activate mTORC1, we overexpressed its upstream regulator, Rheb. 29 mTORC1 activates S6 kinase (S6K), promoting ribosomal S6 protein phosphorylation to control protein synthesis and cell size. 30 Thus we used phospho-S6K as a read-out for mTORC1 activity. As expected, Torin1 reduced and Rheb increased phospho-S6K level (Figure 5a ). However, changes in mTORC1 activity did not influence the ability of LKB1 to inhibit Yap activity (Figure 5a ). This suggested that LKB1 inhibits Yap independently of mTOR. As Yap mutants only partially rescued LKB1 effects on cell size and proliferation (Figures 3b and 4c) , we speculate that Yap and mTOR mediate independent aspects of signaling downstream of LKB1. Surprisingly, the inhibition of mTORC1 by the drugs Torin1 (Figure 4d ) and rapamycin or by glutamine starvation (data not shown) caused a small, but significant, increase in Yap activity (ANOVA one-way Po0.01). As mTORC1 is a major metabolic sensor, this enhancement implies a possible negative feedback regulation between these two pathways downstream of LKB1. LKB1 directly phosphorylates AMPK, enabling efficient activation upon AMP elevation, thus allowing cells to quickly response to metabolic stress. 2 In order to examine possible mTOR-independent effects of AMPK on Yap, we induced metabolic stress via glucose starvation. AMPK phosphorylates acetyl-CoA carboxylase (ACC) to reduce glucose metabolism. 31 Therefore we measured phospho-ACC as a positive control for AMPK activation. In this experiment, Yap S127 phosphorylation was measured instead of Yap transcriptional activity owing to the short duration of the experiment precluding significant changes in luciferase expression. Although AMPK was strongly activated by 1-3 h of glucose starvation (large increase in ACC phosphorylation), Yap phosphorylation remained unchanged (Figure 5a ). Thus, we concluded that LKB1 inhibits Yap independently of AMPK activation.
LKB1 suppresses Yap function independently of stress fiber formation or Lats1/2 kinases Two recent studies reported that stress fibers, induced by cell spreading, control Yap nuclear retention and thus its transcriptional activity, 32, 33 although stress fiber disruption may preferentially affect the phosphorylation and stability of the Yaprelated Taz protein. 33 As the Rho GTPase has a role in promoting Figure 3b were sorted by GFP signals/LKB1 expression. Cell sizes were then analyzed. The mean FSCs were normalized to vector control, averaged from three samples, and presented as mean±s.d. All results are representative of at least two independent experiments performed in triplicate. *Po0.05; **Po0.01; NS, not significant.
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stress fiber formation, we overexpressed a constitutively active RhoA Q63L mutant 34 to examine if HeLa cell stress fiber disruption couples LKB1 to suppression of Yap activity. Consistent with published studies, 33 RhoA Q63L strongly increased TEAD luciferase activity. However, LKB1 expression promoted a similar fold suppression of TEAD activity in vector control and RhoA Q63L cells (Supplementary Figure 1A) . Therefore, it is likely that the mechano-response is mediated by a separate pathway from polarity/crowd control, with both signals converging on Yap/Taz phosphorylation.
The ability of Yap 5SA to revert the effects of LKB1 expression additionally suggested Lats1/2 kinases may couple LKB1 to Yap phosphorylation. To confirm this we transiently knocked down Lats1 and/or 2 using small interfering RNA and measured Lats protein levels and TEAD-driven luciferase activity. Surprisingly, suppression of Lats1/2 expression did not impact the ability of LKB1 to suppress Yap activity (Figure 5a ), suggesting that LKB1 regulated Yap activity via a non-canonical pathway.
Disruption of LKB1-induced morphological changes decreases Yap phosphorylation Changes in epithelial cell morphology or structure, such as adherens junction formation, have been reported to affect Yap cellular localization. 13 Furthermore, LKB1 restoration promoted morphological changes and HeLa cell-cell contacts even at low culture density (Figure 6a ). Those cells not adjacent to others also established a distinct non-spread morphology. This was consistent with Clevers' report that LKB1 activation alone is sufficient to polarize dissociated intestinal epithelial cells. 8 Therefore, we examined whether cellular structure induced by LKB1 might mediate Yap phosphorylation. We first confirmed that LKB1 promoted epithelial architecture by imaging live cells expressing fluorescently-tagged proteins. pYFP-occluden (a component of tight junctions) and pCFP-histone 2B (a nuclear marker) were cotransfected with vector or untagged LKB1 into HeLa cells. Live cell fluorescence images showed a polarized distribution of occluden at cell junctions in LKB1-expressing cells (Figure 6b ). Such peripheral distribution was also observed in the absence of cell contact (data not shown).
As adherens junctions are a major contributor to epithelial cell polarity that rely on Ca 2 þ -dependent homotypic interaction of E-cadherin molecules, we disrupted cell contacts by chelating extracellular calcium and examined the effect on Yap phosphorylation. 35 Upon chelation of Ca 2 þ with EGTA, the peripheral localization of occluden in LKB1-expressing cells was lost within 6 min (Figure 6b ). Ca 2 þ -chelation also drastically decreased Yap Ser127 phosphorylation in a time-dependent manner in LKB1 Figure 1 . C is representative of 2 independent experiments. Analysis of variance one way was performed to compare groups of four data points. NS, not significant. cells, while no significant change was observed in the already low Yap level of vector control cells (Figure 6c) . Surprisingly, the total Yap level in LKB1 cells was also slightly decreased (Figure 6c ). This suggested that cell polarity, induced by LKB1, impacts Yap phosphorylation and disruption of such structure lead to Yap degradation.
DISCUSSION
The architecture of a cell contributes to its survival, proliferation and function. A key component of this architecture is the establishment of apical-basal polarity whereby certain organelles and proteins are asymmetrically distributed. Polarity is established though a variety of signaling complexes that are integrated into the control of proliferation by poorly defined mechanisms. Recently, the Hippo (Mst-Lats-Yap) signaling pathway has emerged as a major growth regulator with its endpoint, phosphorylation of the Yap transcriptional co-activator, being regulated by cell polarity/structure. 13, 32 Interestingly, the LKB1 tumor suppressor is currently the only protein reported to cause cellular polarization in a cell autonomous fashion. 8 The data reported here reveal a novel polarity-growth connection in which LKB1 activity regulates the subcellular distribution and proteasomal degradation of Yap leading to decreased cell proliferation and cell size.
The master kinase LKB1 is required for epithelial structurerelated resistance to hyperplasia 9 at least in part by regulating the Par-3/Par-6/atypical protein kinase C tight-junction complex. 36 Consistent with a previous report in intestinal epithelial cells, 8 expression of LKB1 autonomously promotes the polarization of HeLa cells in 2-and 3-D cultures and relocalization of the tightjunction protein occluden to the cell periphery. LKB1 also suppresses cell proliferation and its re-expression in HeLa cells reduced their growth rate to that of non-transformed human keratinocytes. As the YAP transcriptional co-activator is a key regulator of cell growth in response to cell polarity, we examined the effect of LKB1 by its re-expression in HeLa cells and suppression of endogenous LKB1 gene expression in NTERT or 293T cells. LKB1 expression inhibited the ability of both endogenously and exogenously expressed Yap to induce the activation of a well-characterized luciferase-coupled TEAD response element as well as endogenous CTGF transcription. These data demonstrated for the first time that Yap activity is closely associated with LKB1 status of tumor cells. As Yap directly promotes the expression of proliferative genes, these findings indicate an alternative mechanism for LKB1-mediated suppression of cancer cell growth.
In many developmental systems and malignancies, the localization, integrity and function of Yap are tightly regulated by its phosphorylation status. Consistently, we found that each of these parameters was closely linked to LKB1 expression in HeLa and NTERT cells. Specifically, LKB1 promoted phosphorylation of Ser127 that correlated with nucleus to cytoplasmic localization and enhanced Yap degradation. The decrease in nuclear Yap levels in LKB1-expressing cells also correlated with reduced proliferation of 2 and 3 dimensional cell cultures as well as cell size. The impacts of LKB1 expression on gene expression, cell growth and cell size were all suppressed by the expression of phosphorylation-resistant Yap mutants but not the overexpression of Yap WT . These data support the notion that LKB1 impacts cell growth via Yap phosphorylation. Consistent with previous reports, 18 the Yap 5SA mutant was more effective that Yap S127A , suggesting that degradation rather than mere exclusion from the nucleus has a role in LKB1-induced events.
To date Lats1/2 are the only kinases proven to phosphorylate Ser127 of Yap and the ability of Yap mutants lacking Lats1/2 phosphorylation sites to partially reversed the effects of LKB1 expression were consistent such a role. As the AMPK-related kinase, NUAK1/ARK5, is a substrate of LKB1that phosphorylates Lats, 37 we first considered it as a mediator of Lats/Yap regulation. However, phosphorylation by ARK5 has been documented to destabilize Lats1, 37, 38 which would likely reduce phospho-Yap levels. While we observed a decrease in Lats1 protein level upon LKB1 expression (Supplementary Figure1B ), which could be related to ARK5 activity, knockdown of Lats1/2 expression in HeLa cells did not prevent LKB1 from inhibiting Yap. Although Lats1/2 expression was not completely suppressed, these data strongly suggested that LKB1 regulates Yap independently of the Lats kinases. Conditional knock out of Mst1/2 or small interfering RNA knock down of Mst1/2 and Lats1/2 similarly did not change Yap phosphorylation pattern or TEAD activity in keratinocytes. 13 Additional reports similarly described increased Yap phosphorylation and nuclear exclusion independently of the Mst/Lats kinases, 33, 39 suggesting the involvement of a noncanonical kinase.
LKB1 is known to suppress growth through the activation of AMPK and subsequently the inhibition of mTOR activity and protein synthesis. Indeed, no other signaling pathway downstream of LKB1 has been found to be activated in human tumors following LKB1 loss. 2, 40 However, neither the activation of AMPK by glucose starvation nor pharmacological inhibition of mTOR activity impaired LKB1-mediated Yap phosphorylation. Therefore, the Yap transcriptional co-activator functions as an AMPK/mTOR pathway-independent mediator of LKB1's tumor-suppressor functions. None of the phosphorylation sites targeted in the Yap 5SA mutant match an LKB1 consensus motif, suggesting indirect kinase or phosphatase regulation.
Destruction of LKB1-induced polarity by disrupting adherens junctions though Ca2 þ -chelation completely suppressed Yap phosphorylation. As phospho-Yap has a short half-life (Figure 2d ), the small decrease in total Yap level in LKB1 cells following EGTA treatment observed in Figure 6c suggests that phospho-Yap is degraded in this process. Strikingly, expression of the degradation-resistant Yap 5SA mutant reverted LKB1's growth inhibitory activity without disrupting LKB1-induced cell cohesion (most evident in Figure 3c ). This both strongly implicates Yap degradation in mediating LKB1 proliferative suppression and demonstrates separation of cell polarity from proliferative influence. Taken together, these results suggest a novel mechanism where LKB1 promotes the assembly of a cellular structure that in turn suppresses the Yap oncoprotein. Identification of the novel Yap kinase and determining whether Yap must be sequestered to polarized structures prior to degradation will be the focus of future studies. In this regard, many cell junction-associated proteins (PALS1, PATJ, MUPP1, angiomotin, ZO2 and a-catenin) that in turn associate with various Ser/Thr protein kinases have been reported to interact with Yap or TAZ (reviewed in Mauriel et al. 19 ). In summary, we have identified the Yap transcriptional coactivator as a downstream target of the LKB1 tumor suppressor. LKB1 induces phosphorylation of Yap, leading to Yap nuclear exclusion and ultimately its degradation. However this was independent of the canonical Yap kinases, Lats1/2, and metabolic downstream targets of LKB1, AMPK and mTORC1. Instead, events resulting from LKB1-induced morphological transformation were responsible for Yap phosphorylation. Interfering with this inhibitory event by mutation of Yap phosphorylation sites partially reversed LKB1's effect. Altogether, these findings point to Yap as a novel mediator of LKB1 tumor-suppressive function.
MATERIALS AND METHODS
Reagents
